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Abstract The majority of studies exploring interac-
tions between above- and below-ground biota have
been focused on the effects of root-associated organ-
isms on foliar herbivorous insects. This study examined
the effects of foliar herbivory by Pieris brassicae L.
(Lepidoptera: Pieridae) on the performance of the root
herbivore Delia radicum L. (Diptera: Anthomyiidae)
and its parasitoid Trybliographa rapae (Westwood)
(Hymenoptera: Figitidae), mediated through a shared
host plant Brassica nigra L. (Brassicaceae). In the pres-
ence of foliar herbivory, the survival of D. radicum and
T. rapae decreased significantly by more than 50%. In
addition, newly emerged adults of both root herbivores
and parasitoids were significantly smaller on plants that
had been exposed to foliar herbivory than on control
plants. To determine what factor(s) may have
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accounted for the observed results, we examined the
effects of foliar herbivory on root quantity and quality.
No significant differences in root biomass were found
between plants with and without shoot herbivore dam-
age. Moreover, concentrations of nitrogen in root tis-
sues were also unaffected by shoot damage by P.
brassicae larvae. However, higher levels of indole gluc-
osinolates were measured in roots of plants exposed to
foliar herbivory, suggesting that the development of
the root herbivore and its parasitoid may be, at least
partly, negatively affected by increased levels of these
allelochemicals in root tissues. Our results show that
foliar herbivores can affect the development not only
of root-feeding insects but also their natural enemies.
We argue that such indirect interactions between
above- and below-ground biota may play an important
role in the structuring and functioning of communities.

Keywords Above-/below-ground interactions - Delia
radicum - Glucosinolates - Plant-insect interactions
Trybliographa rapae

Introduction

Over the past 20 years, studies exploring community-
level processes have been based primarily on bi- and
tri-trophic interactions in above-ground systems, usu-
ally involving associations among plants, insect herbi-
vores, and their natural enemies such as parasitoids or
predators (Price et al. 1980; Turlings et al. 1990; Vet
and Dicke 1992; Dicke 1999). While providing valuable
data on a range of selective forces shaping community
structure and function, these studies have generally
ignored biological processes that occur below-ground.

@ Springer



258

Oecologia (2007) 152:257-264

Recently, however, it has become apparent that above-
ground trophic interactions can be strongly influenced
by interactions between the host plant and soil-dwell-
ing organisms (Gange and Brown 1989; Masters and
Brown 1992, 1997; Masters et al. 1993; Masters 1995;
Gange 2001; Van der Putten et al. 2001; Bardgett and
Wardle 2003; Bezemer et al. 2003). For instance, recent
studies have shown that soil-dwelling organisms—such
as root-feeding insects, arbuscular mycorrhiza fungi,
and nematodes—can also influence the growth, devel-
opment, and behavior of higher trophic levels below-
ground, including parasitoids (Masters etal. 2001;
Gange et al. 2003; Wurst and Jones 2003; Bezemer
et al. 2005; Guerrieri et al. 2005) and even hyperparasi-
toids in the fourth trophic level (Soler et al. 2005).

It is also known that above-ground herbivory can
affect the development of below-ground insect herbi-
vores (reviewed by Blossey and Hunt-Joshi 2003),
when the shared host plant has previously been
exposed to intense shoot damage. For example, Tindall
and Stout (2001) reported that severe damage by insect
foliar herbivores was correlated with a significant
reduction in the body size of an insect herbivore feed-
ing on root tissues of the same host plant, compared
with conspecifics developing on roots of plants without
foliar herbivores. Other studies have shown similar
effects (Masters et al. 1993; Hunt-Joshi and Blossey
2005). However, the effects of foliar herbivory on the
development of natural enemies in the soil, such as
predators and parasitoids, remain largely unexplored.

Thus far, the effects of above-ground herbivory on
the performance of below-ground consumers have
been explained mainly by quantitative changes in the
amount of root biomass, when an extreme amount of
leaf damage results in partial or complete death of the
root system. However, minor levels of shoot damage,
while not leading to a significant reduction in root bio-
mass, may still affect the quality of the root tissues
influencing the development of root-associated organ-
isms (reviewed in Bezemer and Van Dam 2005). Fur-
thermore, interactions between above- and below-
ground herbivores may also be mediated by qualitative
changes in the shared host plant. For example, insect
herbivory frequently leads to a systemic defense
response within the host plant, resulting in enhanced
concentrations of secondary plant compounds in plant
organs that have not been damaged by herbivory (Kar-
ban and Baldwin 1997). Secondary plant compounds
commonly have a negative impact on herbivore perfor-
mance (Karban and Baldwin 1997). Several studies
have shown that root herbivory can result in enhanced
concentrations of secondary plant compounds in the
foliage, although the reverse, e.g., the effects of foliar
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herbivory on changes in concentrations of root second-
ary plant compounds, has rarely been reported
(reviewed in Bezemer and Van Dam 2005). Moreover,
herbivory can induce a stress response within the host
plant, which can lead to a reallocation of plant com-
pounds such as carbohydrates and soluble nitrogen
between root and shoot tissues, and the concentration
of these compounds is known to directly affect insect
growth parameters (Masters et al. 1993; Masters and
Brown 1997). It is important to stress that the mecha-
nisms described above are not necessarily mutually
exclusive.

In this study, we examined the effects of above-
ground herbivory on the development and survival of a
below-ground insect herbivore and its endoparasitoid.
Our study is based on interactions involving a naturally
occurring system in Western Europe. The black mus-
tard, Brassica nigra L. (Brassicaceae), is a widely dis-
tributed annual crucifer that is common along rivers
and on disturbed sites in The Netherlands (Schaminee
et al. 1998). It is attacked by several adapted specialist
herbivores, including the large cabbage white butterfly,
Pieris brassicae L. (Lepidoptera: Pieridae) whose lar-
vae feed on the shoots and flowers of this and related
species (Harvey et al. 2003). Mustard plants are also
attacked by specialized root-feeding herbivores,
including the cabbage root fly, Delia radicum L. (Dip-
tera: Anthomyiidae) (Coaker and Finch 1971). Trybli-
ographa rapae (Westwood) (Hymenoptera: Figitidae)
is one of the main parasitoids of D. radicum in Europe
(Lahmar 1982). The main aim of this investigation was
to determine whether the growth, development, and
survival of D. radicum and its endoparasitoid, 7. rapae,
are affected by foliar herbivory by P. brassicae. We also
examined whether above-ground herbivory leads to
qualitative and/or quantitative differences in root tis-
sues. We compared levels of root biomass in plants
with and without shoot damage, as well as levels of
nitrogen in root tissues. Finally, we compared levels of
allelochemicals (glucosinolates) in root tissues of
plants under the two treatments. We hypothesized that
above-ground herbivory by P. brassicae would result in
reduced root-plant quality which would negatively
affect the performance of D. radicum. Because T. rapae
is a koinobiont parasitoid, D. radicum larvae continue
feeding and growing during much of the parasitoid—
host interaction (reviewed in Harvey 2005). As a con-
sequence of this close association between host and
parasitoid, we hypothesized that the effects of P. brass-
icae on D. radicum would be carried over to T. rapae.
Since parasitoids are highly susceptible to very small
changes in the quality of the hosts, the effect on the
parasitoid should be stronger than that on the host.
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Materials and methods
Studied species

Brassica nigra, like other members of the Brassicaceae,
possesses potent inducible direct defenses via the pro-
duction of glucosinolates and their breakdown prod-
ucts; thus, the plant provides excellent potential for the
study of multitrophic interactions (Van Dam et al.
2003). Pieris brassicae is a specialist chewing foliar her-
bivore that feeds on several species of wild and culti-
vated crucifers. The female butterfly typically lays
broods of 7-140 eggs on the underside of a leaf. After
hatching, the larvae feed gregariously until the third
instar, when they disperse on the food plant. Delia
radicum is a specialist chewing root herbivore that
feeds on several species of crucifers. Females oviposit
near the root-stem interface. The newly hatched mag-
gots feed by boring galleries in the upper roots of the
plant. Trybliographa rapae is a fairly specialized soli-
tary koinobiont endoparasitoid that parasitizes L1-L3
instar larvae of D. radicum, as well as several closely
related species. Adult parasitoid females forage via
antennation, ovipositor probing, and vibrotaxis in
order to find their hosts (Vet and Van Alphen 1985).
The wasps readily parasitize larvae that are actively
feeding in the root galleries but refuse hosts extracted
from the root (Jones 1986). Females use their sharp,
but flexible, ovipositor to explore infested roots to find
hosts and evaluate their quality (Neveu et al. 2000).
Seeds of B. nigra were collected from a single popula-
tion in the Northwest of Wageningen, The Netherlands.
Seeds were surface sterilized and germinated on a bed
of glass pearls (pearls of 1 mm diameter). One week
after germination, seedlings were transplanted into 1.2-1
pots, filled with soil collected from a restoration area
that was abandoned in 1996, at De Mossel in Ede, The
Netherlands. The sandy loam soil was sieved (2 cm) and
mixed with 10% white sand (to improve the drainage of
the soil), and sterilized using gamma radiation (25
KGray) to eliminate all soil organisms. The plants were
grown in a greenhouse, at 70% relative humidity, at
22 +£1°C (day) and 16 + 1°C (night) on a 16-h:8-h
day:night cycle. Natural daylight was provided by metal
halide lamps (225 pmols~!m™2 PAR; 1 lamp per
1.5 m?). Plants were watered daily and supplemented
with nutrients (Hoagland solution) once when the
plants were 3 weeks old. Pieris brassicae was obtained
from the insect culture maintained at the Laboratory of
Entomology of Wageningen University, The Nether-
lands. D. radicum and T. rapae were obtained from
insect cultures maintained at the Laboratory of Ecobiol-
ogy of Insect Parasitoids, of Rennes University, France.

Experimental design and insect measurements

To test the effect of above-ground herbivores on the
performance of soil insects, we reared D. radicum and
its parasitoid 7. rapae on roots of plants previously
exposed (treatment) and not exposed (control) to P.
brassicae larvae. Twenty-five days after transplanting,
three newly hatched L1 larvae of P. brassicae were care-
fully placed with a small brush on the youngest fully
developed leaf of each plant, and enclosed in a cylindri-
cal clip cage (5.5 cm diameter) in order to ensure that
the damage was localized. After 3 days, the larvae were
moved to another new leaf on the plant. The larvae
were allowed to feed for a further 3 days, after which
each larva and clip cage was removed. Thus, each foliar-
damaged plant was exposed to feeding by three L1 P.
brassicae larvae for a total of 6 days. A second set of
plants was kept undamaged and served as control. To
standardize the possible effects of the clip cages on plant
shoots, they were also placed on control plants, follow-
ing the same methods as for the foliar-damaged plants.
A total of 72 plants were used in the experiment (36
plants with and 36 without foliar herbivore damage).

One day after removing the P. brassicae larvae, four
L1 D. radicum larvae were introduced to each plant by
carefully placing the larvae with a brush onto the soil
surface immediately adjacent to the stem. Using a mag-
nifying glass, each plant was carefully checked 30 min
after inoculation, to ensure that all the root fly larvae
had successfully entered into the soil. For each plant,
two of the larvae were healthy and two had been para-
sitized by T. rapae within approximately the prior 12 h.
In a previous study, we reported that there was no sig-
nificant difference in final root biomass in B. nigra
plants with initial densities of five unparasitized D. radi-
cum larvae per plant when compared with undamaged
plants (Soler at al. 2005). Furthermore, parasitized lar-
vae consume less plant material and attain smaller final
masses than healthy hosts (Grandgirard 2003); thus, we
assumed that plant root biomass would not be a limiting
factor for root herbivore/parasitoid development. It is
also important to stress that larvae of D. radicum are
not cannibalistic (A.M. Cortesero, unpublished obser-
vations), making it possible for unparasitized and para-
sitized larvae to share a host plant.

To obtain parasitized D. radicum larvae, approxi-
mately 300 first instar larvae were offered to 60 mated
T. rapae females over the course of 4 h. To facilitate
and ensure high rates of parasitism, a slice of B. napus
(turnip) root of 1.5-2 cm in height (15 cm diameter)
that had previously been infested with the larvae of
D. radicum was offered to the parasitoid females. The
larvae were collected from the root after 4 h, and 144

@ Springer



260

Oecologia (2007) 152:257-264

larvae were then transferred to the experimental
B. nigra plants. Because direct observations of parasit-
ism are almost impossible in 7. rapae, 100 additional
larvae from the infested turnip slice were removed and
placed on a new turnip, where parasitoid emergence
was monitored. From these 100 larvae, 92 T. rapae
adults emerged, and none produced D. radicum adults.

Following the below-ground inoculation of unparasi-
tized and parasitized D. radicum larvae, experimental
plants were placed individually into large meshed cylin-
drical cages (height 1 m, diameter 35 cm) to ensure that
newly emerged adult flies and wasps did not escape and
could be immediately captured. Plants from the two
treatments were randomly distributed in the green-
house and were moved around the room every 2-
3 days to avoid any potential effects of positioning on
insect development. The cages were checked twice
daily (once in the morning and once in the afternoon)
to record the emergence of adult flies and parasitoids.
Newly emerged adults of D. radicum and T. rapae were
collected with an aspirator. At emergence, the follow-
ing data were recorded: (1) development time between
inoculation and adult eclosion in days and (2) adult
body size, based on the measurement of hind tibia
length in both the herbivore and parasitoid. Hind tibia
length has been commonly used as a measure of adult
size in many insects, especially parasitoids (Godfray
1994; Harvey et al. 1994; Bezemer and Mills 2003). The
hind tibia lengths of D. radicum and T. rapae were
measured using a calibrated slide under a stereomicro-
scope. Adult survival (calculated as the proportion of
insects that emerged relative to the number of larvae
introduced in each pot) was also recorded.

Plant responses

Because the measurement of glucosinolate and nitro-
gen concentrations requires the destructive sampling of
plants, root samples were taken from an additional set
of plants (nine plants per treatment). The plants in the
additional set were treated in exactly the same way as
the foliar-damaged and control plants described above.
Root material was collected 1 h before the other set of
experimental plants was inoculated with parasitized
and unparasitized D. radicum larvae to evaluate the
quality of the control and foliar-damaged plants that
larvae encountered after inoculation. After carefully
washing the roots of each plant, the fine roots were
separated from the main root. Roots less than 1 mm
thick were considered fine (with a hair-like appear-
ance) and those thicker than 1 mm were considered to
be main roots. The roots were immediately frozen at
—80°C, then freeze-dried and ground. Glucosinolate
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contents were determined using high performance lig-
uid chromatography (HPLC) as described by Van
Dam et al. (2004). Nitrogen content was determined
using a Carlo Erba/Fisons, type EA1108, CHN ana-
lyzer. The total root biomass of the experimental
plants was determined at the end of the experiment.
The roots of each plant were harvested, oven-dried at
70°C and, subsequently, weighed on a microbalance.

Statistical analysis

The effects of foliar herbivory (with or without) and
larval status (parasitized or unparasitized) on survival
of D. radicum and T. rapae were tested using a general-
ized linear mixed model (with binomial distribution
and logit link function, including plant as random
term). The effects of foliar herbivory on developmental
time and hind tibia length of D. radicum and T. rapae
were tested using a generalized linear model (with nor-
mal distribution and identity link function). The effects
of foliar herbivory and root type (primary or secondary
roots) on plant quality (nitrogen and glucosinolate lev-
els) were tested using a linear mixed model, including
plant as random term to consider that the fine and main
roots were sampled from the same plants. To test the
effect of foliar herbivory on plant quantity (root bio-
mass), we used analysis of variance. Normality, inde-
pendence, and homogeneity of variance were checked
by inspection of the residuals after model fitting. Anal-
yses were carried out in Statistica and Genstat.

Results

Foliar herbivory significantly affected the survival of
the root herbivore D. radicum and its parasitoid 7.
rapae (Wald =12.17, P <0.001). Relative to control
plants, the survival of D. radicum and T. rapae
decreased by more than 50%, when the host plants
were previously exposed to foliar herbivory (Fig. 1),
and the effect was qualitatively similar for root herbi-
vore and parasitoid responses indicated by a non-sig-
nificant interaction term (Wald = 0.49, P = 0.48). There
was a significant effect of foliar herbivory on D. radi-
cum and T. rapae adult size, measured as hind tibia
length (Wald =5.88, P=0.02). Both herbivore and
parasitoid adult sizes were reduced in the presence of
foliar herbivores on the shared host plant (Fig.2).
Again, the negative effect of foliar herbivory did not
differ between host and parasitoid (interaction term
Wald = 0.02, P = 0.86). Development times of D. radi-
cum and T. rapae were not significantly affected by
foliar herbivory (Wald = 3.34, P = 0.07).
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Fig. 1 Mean (£SE) survival of D. radicum (herbivore) and 7. ra-
pae (parasitoid) on B. nigra plants that had been exposed to foliar
herbivory (by P. brassicae) (shaded bars), and on control plants
(open bars). Within herbivore and parasitoid, significant differ-
ences (P <0.05) between treatments are indicated by different
letters
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Fig.2 Mean (£SE) hind tibia length of D. radicum (herbivore)
and T. rapae (parasitoid) on B. nigra plants that had been exposed
to foliar herbivory (by P. brassicae) (shaded bars), and on control
plants (open bars). Within herbivore and parasitoid, significant
differences (P < 0.05) between treatments are indicated by differ-
ent letters

Plants under both treatments demonstrated similar
root biomass (Fj;,=0.008, P=0.92; Fig.3a). Root-
nitrogen levels also did not differ significantly between
control plants and plants exposed to foliar herbivory
(Table 1). Independent of the treatment, nitrogen lev-
els were significantly lower in secondary than in pri-
mary roots (Table 1). Foliar herbivory significantly
affected the levels of indole glucosinolates (neogluco-
brassicin and glucobrassicin) in the roots (Table 1). In
the presence of foliar herbivory, the levels of neogluco-
brassicin (Fig. 4a) and glucobrassicin (Fig. 4b) signifi-
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Fig. 3 Mean (+SE) root biomass (a) and percentage of nitrogen
in primary and secondary roots (b) of Brassica nigra plants that
had been exposed to foliar herbivory (by P. brassicae) (shaded
bars) and in those of control plants (open bars )

cantly increased in both primary and secondary roots.
Independent of the treatment, levels of neoglucobrass-
icin and glucobrassicin were significantly higher in sec-
ondary than in primary roots. Concentrations of
gluconasturtin (Fig. 4c) and sinigrin (Fig. 4d) did not
differ significantly between the roots of control plants
and plants that had been exposed to foliar herbivory
(Table 1). Independent of the treatment, gluconastur-
tin levels were significantly higher in primary than in
secondary roots. Sinigrin levels did not differ signifi-
cantly between primary and secondary roots.

Discussion
This study provides evidence that shoot-feeding

insects, via systemic changes in the root quality of the
shared host plant, can influence the development of

Table 1 Approximate F-test (Fand P values) for the fixed effects and variance component estimates from REML (restricted maximum
likelihood); analysis of the effect of foliar herbivory (by P. brassicae) and root-type on nitrogen and glucosinolate levels of B. nigra roots

Factors Nitrogen Neoglucobrassicin Glucobrassicin Gluconasturtin Sinigrin

F P F P F P F P F P
Foliar herbivory (1) 1.6 0.2 15.0 <0.001 15.3 <0.001 0.5 0.4 1.7 0.2
Root-type (2) 28.4 <0.001 28.5 <0.001 89.5 <0.001 4.57 0.03 0.001 0.9
Interaction (1.2) 0.4 0.5 29 0.08 0.2 0.5 0.7 0.3 14 0.2

@ Springer



262

Oecologia (2007) 152:257-264

0.06 - (a)

0.04 -

—t—ic

0.02 ~

Neoglucobrassicin

amE

0.4 (b)

0.3

——ic

0.2

Glucobrassicin

0.1 A

e

1.8 (©)

——

1.2 A

Gluconasturtin
—

=
'—

| @

Sinigrin

——
——

—t—

Primary roots Secondary roots

Fig. 4 Mean (£SE) levels of glucosinolates (umol g~! dry mass)
(a neoglucobrassicin, b glucobrassicin, ¢ gluconasturtin, d sini-
grin) in primary and secondary roots of Brassica nigra plants ex-
posed to foliar herbivory (by P. brassicae) (shaded bars) and in
those of control plants (open bars). Within each root type, signifi-
cant differences (P < 0.05) between treatments are indicated by
different letters

root-feeding insects sharing the host plant. Moreover,
the effects can be carried over at least one trophic level
higher, affecting the performance of a parasitoid. We
found that foliar herbivory was significantly correlated
with a reduction in successful development of Delia
radicum and Trybliographa rapae. Survival of the
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herbivore and its parasitoid was two to three times
higher on plants that were undamaged above-ground
than on plants that were previously exposed to foliar
herbivory. In addition, when compared with those on
control plants, newly emerged adult D. radicum and T.
rapae were significantly smaller when the insects devel-
oped on plants that had been initially damaged by
foliar herbivores. Several authors have argued that
body size is the main target of selection in parasitoids
and other insects, because it is correlated with life-his-
tory and demographic characters such as searching and
mating efficiency, longevity, and fecundity (Godfray
1994; Harvey et al. 1994; Bezemer and Mills 2003; Har-
vey 2005). Consequently, our results reveal not only
that D. radicum and T. rapae suffer from increased
mortality on plants previously exposed to foliar herbiv-
ory compared with control plants, but that fitness of
the surviving adults is also compromised.

In a recent study based on the same multitrophic
system, we reported that root herbivory by D. radicum
reduced the performance of the foliar feeder P. brassi-
cae (Soler et al. 2005). However, several others found
no significant relationship between root herbivory and
the performance of above-ground herbivores (Moran
and Whitham 1990; Salt et al. 1996; Hunt-Joshi and
Blossey 2005), and yet others found a positive relation-
ship (Masters and Brown 1992). These results clearly
show that the effects of below-ground herbivores on
their above-ground counterparts are likely to be associ-
ation-specific, although this contrasts with the rather
consistent negative effect thus far observed in most
reciprocal studies of above-ground herbivory on
below-ground insects (this study; Moran and Whitham
1990; Masters and Brown 1992; Salt et al. 1996; Tindall
and Stout 2001; Hunt-Joshi and Blossey 2005). More
work is clearly required to elucidate possible patterns
in interactions between above- and below-ground sys-
tems, and to determine whether there are any clear
patterns emerging from them.

We also found that the amount of root biomass did
not differ significantly between the foliar-damaged and
control plants, suggesting that the negative effects of
above-ground herbivory by P. brassicae on the devel-
opment of D. radicum and T. rapae were based on
qualitative, rather than quantitative, changes in the
root system. Because only three young caterpillars
were allowed to feed from the foliage for a limited
period of time, the physical amount of shoot tissue
removed was negligible (R. Soler, personal observa-
tion). Changes in root biomass as a result of source—
sink relationships within the plant are likely to occur
when above-ground herbivore damage is much more
extensive (Hunt-Joshi and Blossey 2005). Root nitrogen
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levels were also not significantly affected by foliar her-
bivory, and thus it is highly unlikely that changes in this
important (and often limiting) primary plant com-
pound were responsible for the observed effects.

However, levels of indole glucosinolates were sig-
nificantly increased by about 30% in plants that had
been exposed to foliar herbivores. Glucosinolates and
their breakdown products, including indoles, have
been shown to be involved in reducing plant quality for
both generalist and specialist insect herbivores and
nematodes (Li etal. 2000; Van Dam etal. 2005).
Although indoles constituted only a small fraction of
total glucosinolates in the plant (with sinigrin being by
far the most prevalent), studies with other secondary
compounds have shown that only trace amounts in the
diet are required to exert strong effects on the develop-
ment of herbivores and their parasitoids (Barbosa et al.
1986). Consequently, the negative relationship
between above-ground herbivory and the development
of D. radicum may be, at least partially, correlated with
increased levels of indole glucosinolates in the roots of
the shared host plant that were induced by feeding
damage from P. brassicae larvae above ground.

It has been well established that allelochemicals in
the herbivore’s diet can exhibit negative effects on the
morphology, development, size, and survival of their
predators and parasitoids (reviewed in Harvey 2005;
Ode 2006). T. rapae is a koinobiont parasitoid of D.
radicum and, therefore, after being parasitized, Delia
larvae continue feeding and growing until the final lar-
val instar has been reached. At this time, the developing
parasitoid larvae begin destructive feeding and expo-
nential growth (Harvey et al. 1994). At the end of the
host’s larval development, allelochemicals that may be
present in the hemolymph and other tissues, such as fat
body, are rapidly consumed by the koinobiont parasit-
oid (Harvey 2005). Due to the tight linkage between
host and koinobiont parasitoid development, in our
study, increased mortality and reduced adult size
observed in the 7. rapae adults on plants that had been
exposed to foliar herbivory could probably be attrib-
uted to a corresponding increased mortality and
reduced size of its host D. radicum. Parasitoids, in par-
ticular, are highly susceptible to very small changes in
the quality of the host’s internal biochemical environ-
ment (Harvey 2005). Other studies have shown that
parasitoids can be more affected than their hosts by the
quality of the host plant (Harvey et al. 2003; Soler et al.
2005). This appears not to be the case in our studied tro-
phic chain, since we found comparable effects of foliar
herbivory on the root herbivore and its parasitoid.

In summary, this study has reported that herbivore
damage of plant shoots can have significant negative

effects on the development of below-ground herbivores
and their natural enemies. Combined with the results
of a previous study based on the same system, we have
demonstrated that these effects are largely reciprocal
(Soler et al. 2005). Our research further highlights the
importance of integrating the below-ground domain
with above-ground systems in order to better under-
stand the myriad of factors that shape the evolution,
assembly, and functioning of communities and ecosys-
tems (Wardle et al. 2005). Studies over larger spatial
scales have already shown that above-ground herbi-
vores can influence the community structure of the
below-ground system and vice-versa (De Deyn and
Van der Putten 2005; Wardle et al. 2004). Further stud-
ies, combining interactions between above-ground and
below-ground communities in a multitrophic frame-
work, and which seek to explore both processes and
mechanisms, are required if we are to develop a better
understanding of the many complex factors that influ-
ence community structure and function.
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